The accurate dating of igneous and impact events is vital for the understanding of Solar System evolution, but has been hampered by limited knowledge of how shock metamorphism affects mineral and whole-rock isotopic systems used for geochronology. Baddeleyite (monoclinic ZrO2) is a refractory mineral chronometer of great potential to date these processes due to its widespread occurrence in achondrites and robust U-Pb isotopic systematics, but there is little understanding of shock-effects on this phase. Here we present new nano-structural measurements of baddeleyite grains in a thin-section of the highly-shocked basaltic shergottite Northwest Africa (NWA) 5298, using high-resolution electron backscattered diffraction (EBSD) and scanning transmission electron microscopy (STEM) techniques, to investigate shock-effects and their linkage with U-Pb isotopic disturbance that has previously been documented by in-situ U-Pb isotopic analyses.
in many shergottites (e.g., Niihara, 2011 ; Jiang and Hsu, 2012; Moser et al., 2013; Zhou et al., 2013) , Lunar 27 meteorites (e.g. Wang et al., 2012) , other achondrites and chondrites (e.g. Krot et al., 1993) . Similarly to 28 zircon (tetragonal ZrSiO4), the benchmark chronometer of geological time on Earth, baddeleyite takes up 29 significant quantities of U (up to thousands of ppm), typically excludes initial common-Pb (Heaman, 30 2009), and is very resistant to Pb-loss during crustal and weathering processes. Recent studies have shown 31 that baddeleyites record young ages in the Roberts Massif 04261 (ca. 200 Ma; Niihara, 2011) , Grove 32 Mountains 020090 (192 ± 10 Ma; Jiang and Hsu, 2012), Northwest Africa (NWA) 5298 (187 ± 33 Ma, 33 Moser et al., 2013) , and Zagami (187 ± 6.9 Ma; Zhou et al., 2013) shergottites, although questions persist 34 as to whether the young dates reflect crystallization of the magmatic protolith or disturbance by multiple 35 shock metamorphic events by processes including reversion from unquenchable high-pressure 36 polymorphs back to the monoclinic baddeleyite structure (El Goresy et al., 2013) . 37 Laboratory experiments predict that shock-loading up to 57 GPa and attendant heating do not cause 38 significant Pb-loss from baddeleyite (Niihara et al., 2012) . However, contrary results are presented by 39 Moser et al. (2013) , who demonstrate that baddeleyite grains in the highly-shocked meteorite NWA 5298 40 have been structurally altered by shock metamorphism, with degraded crystallinity in some grains, and that 41 the shock metamorphism caused by the launch event resulted in minor to approximately 80% loss of 42 radiogenic Pb from baddeleyite. Nowhere in that study was there any report of baddeleyite melting, as 43 mistakenly claimed by Werner et al. (2014) . Such mis-interpretation of documented observations has led 44 to the unsupported inferences that the shergottites, the largest class of Martian meteorites, are a) older 45 than 4 Ga in age, and b) from a single crater source in the southern highlands. There is thus a clear need 46 to thoroughly establish the micro-to nano-structural states of shergottite baddeleyite grains and their 47 relation to U-Pb systematics, to establish a framework for more substantive interpretation of isotopic 48 ages. 49
Here we address this issue by applying powerful techniques for in-situ crystallographic and nano-structural 50 measurements, including electron backscatter diffraction (EBSD) and scanning transmission electron 51 microscopy (STEM), to shock metamorphosed baddeleyite. We present new backscattered electron (BSE) thin-section of the highly-shocked basaltic shergottite NWA 5298. These include 15 grains with previously 54 reported U-Pb isotope ratios (Moser et al., 2013) . The principal aim is to better document the range of 55 micro-to nano-structures caused by shock metamorphism on baddeleyite and to test the apparent 56 correlation with U-Pb age disturbance, with the hope of better informing future geochronology of 57 planetary materials. 58
The maskelynite grains typically have central domains of isotropic glass with smooth textures in reflected 80 light, and margins or entire grains with spherulitic textures and melt veins within surrounding 81 clinopyroxene, suggesting that melting of the plagioclase was widespread (E.g. Fig 2A, B) . Shock 82 transformation of plagioclase in NWA 5298 (An40-55; Hui et al., 2011) to maskelynite suggests a shock 83 pressure of at least 29 GPa (Stöffler et al. 1986 ). Furthermore, the maskelynite is commonly vesicular, 84 with vesicles up to hundreds of microns in diameter, similar to observations from other highly shocked 85 shergottites including NWA 4797 (Walton et al., 2009 ), NWA 6342 (Irving et al., 2011) and Dhofar 378 86 (Ikeda et al., 2006) . Given that vesiculation of silicate melts is inhibited at high pressures (Chen and El 87 Goresy, 2000) , this indicates that plagioclase melting took place at relatively low pressures during or 88 immediately following decompression. This relative timing is supported by the presence of radiating 89 fractures within pyroxene grains that surround maskelynite, as expected from volume increase of the 90 maskelynite. Pyroxene grains in contact with maskelynite are locally transformed into micro-scale 91 polycrystalline aggregates. Furthermore, parallel discontinuous lamellae of low-Ca pyroxene extend tens of beam was used to generate EBSD "maps", consisting of an orthogonal grid of electron backscatter 132 diffraction patterns (EBSPs) acquired at step-sizes ranging from 50 to 150 nm. Run conditions for EBSD 133 analysis are summarized in Table 1 . The only post-analysis noise reduction processing performed was to 134 replace 'wild-spikes' ( interpreted as isolated, erroneously-indexed pixels) with a zero solution. 135
Scanning Transmission Electron Microscopy (STEM) 136
Fabrication of an electron transparent foil from shocked baddeleyite and subsequent Scanning 137
Transmission Electron Microscopy (STEM) analyses were carried out at the Canadian Centre for Electron 138
Microscopy, McMaster University. The foil was produced via focused ion beam (FIB) milling, using a 139 Zeiss NVision 40 field emission gun cross-beam system with a Ga + ion beam. A 30 kV ion beam was used 140 for milling and <5 kV for final polishing to remove and prevent ion-impact damage. During FIB milling 141 'support beams' of thicker material in the foil section were maintained in order to provide rigidity in 142 suspected weak (microfracture) areas and avoid any distortion of the intervening thin regions. STEM 143 imaging was performed in high angular aperture dark field (HAADF) mode using a FEI Titan 80-300HB 144 at beam conditions of 300 kV and ~50 pA. Camera distance was adjusted to image both variations in 145 average atomic number of phases and crystallographic orientation. 146 Over 220 ZrO2 grains with surface exposure areas greater than 17 µm 2 were located in a single thin-149 section. These include 29 grains with areas greater than 125 µm 2 . The x-y-z stage coordinates (mm) 150 relative to reference points and dimensional data for each identified ZrO2 grain were recorded and 151 assigned unique 'Feature' numbers, allowing for unequivocal relocation of each identified grain during 152 subsequent analyses. Grain lengths ranged from 6 µm to 43 µm, with variable crystal habits from sub-153 equant to bladed with aspect ratios as high as 10:1 (average = 2). The petrographic setting of these grains 154 is highly variable (A.1), and examples of the petrographic context of analysed grains are presented in 155 originally by X-ray mapping. Where present, these zircon rims are discontinuous and patchy, typically 173 occurring along contacts with granular clinopyroxene, symplectites or melt veins and pockets (e.g. Figure  174 3). In many cases, the secondary zircon also fills thin fractures within the baddeleyite. 175
Results
The CL response of imaged grains is also highly variable. Moser et al. (2013) reported oscillatory growth 176 banding in baddeleyite G16, which was also studied in this investigation. Other grains with similar 177 banding, typical of igneous baddeleyite, include G15, 378 ( Figure 4) , 2158, 2179. However, other grains 178 display simpler, broader planar banding (e.g. Feature 2451; Figure 3 ), or cloudy CL textures with little
Electron Backscatter Diffraction (EBSD) 183
EBSD analyses were performed on 15 grains that represent a range of the microstructural states observed 184 by SE, BSE and CL imaging. In addition to providing quantitative measurement of lattice orientation, 185 electron diffraction patterns are sensitive to lattice disorder. This is well expressed by band contrast (BC), 186 a quality factor that describes the average intensity of the Kikuchi bands with respect to the overall 187 intensity within the Electron Backscatter Pattern (EBSP). As shown in Figure 4D Although there is a large degree of variability in EBSD results between grains, as well as within individual 199 grains, it is possible to define three end-member groupings for the nano-to microstructural state of 200 analyzed grains, as detailed below. 201
Group 1: smooth BSE, oscillatory or planar CL banding, crystalline with relict twinning 202
A number of baddeleyite grains with smooth or oscillatory CL textures do diffract well, with higher band 203 contrast values than Features 378 and G16. Such grains include Features 1983, 2179 and 2451. form a series of bands that index as baddeleyite ( Figure 3E and 3F). These domains all have a similar 210 crystallographic orientation. Where they diffract well enough to be indexed, the domains in between these 211 bands index as baddeleyite with either a ~45º or ~90º relative misorientation ( Figure 3F ). In Features 212 1983 and 2179, bands with 0º, ~45º and ~90º relative misorientation are more continuous (higher band 213 contrast and more completely indexed). Baddeleyites in terrestrial magmas have ubiquitous twinning on 214 {100} and {110}, both of which can be polysynthetic. Accordingly, the observed bands are considered 215 relict twin domains that have variably degraded crystallinity. It should be noted that there are smooth 216 gradients of up to 8º of misorientation within a single twin domain (e.g. Figure 3F ), reflecting plastic 217 deformation of the crystal causing lattice rotation. 218
All Group 1 grains occur within clinopyroxene, pyroxferroite breakdown material (PBM; symplectites; e.g. 219 show well-developed oscillatory CL textures ( Figure 4C ), but are quasi-amorphous at the scale of the 224 interaction volume for EBSD analysis (few tens of nanometers depth; Figure 4D ). Each of these grains 225 contain domains that have as little crystallographic order as the host maskelynite (glass) at the scale of 226 EBSD analysis. However, in all cases these grains do contain some sub-µm domains with higher band 227 contrast values (e.g. Figure 4D where the grain is surrounded by Fe-Ti-oxides. 248
The granular grains with Group 3 microstructures occur in a range of petrological settings in the thin 249 section. These include grains at the boundaries between clinopyroxene and impact melt pockets (e.g. 250
Features G1 and G7), enclosed within vesicular plagioclase melt (e.g. Feature G5) and within granular 251 domains of clinopyroxene (e.g. Feature 2158). Accordingly, grains with Group 3 microstructures are 252 associated with impact melt (plagioclase or phosphate dominated) or with high-temperature 253 recrystallization resulting from impact heating. It should be noted that these grains are not exclusively 254 found within impact melt pockets. 255
Zircon rims 256
Rims or patches of zircon occur at the margins of most analyzed ZrO2 grains, including examples from 257 each of the three microstructural groupings discussed above. The zircon occurs as less than 2 µm patches that are clearly in contact with melt. This includes grain boundaries in contact with quenched shock melt 260 pockets (e.g. Feature G16), as well as contacts with melt veins of maskelynite (e.g. Feature 2179) and 261 spherulitic maskelynite (e.g. Feature 378; Figure 3 ) 262
High magnification SE and BSE imaging of the zircon rims failed to show any evidence of shock 263 microstructures such as planar features or curviplanar features. EBSD data was acquired for zircon rims 264 from 9 baddeleyite grains. In all cases, the zircon-rims diffract much more strongly than the baddeleyite, 265 with high band contrast values (>100). They are comprised of multiple crystals on the hundreds of 266 nanometer to µm scale (e.g. Figure 3E Figure 3F ). Accordingly, the Group 1 grains preserve multiple features shared 306 by baddeleyite crystals grown in terrestrial magmas, and are thus considered to be the least affected by 307 shock metamorphism in the studied sample. This is consistent with the fact that they are located within 308 mineral phases of relatively high shock impedance (e.g. pyroxene, titanomagnetite). There is, however, 309 evidence of crystal-plastic strain within these baddeleyite grains, as evidenced by lattice misorientation of and lunar zircon, where it has been associated with relatively late stage shock decompression at high 312 temperatures and high-strain rates (Moser et al., 2011; Timms et al., 2012) . 313
Degraded crystallinity is common to many of the analyzed grains, and the Group 2 grains are quasi-314 amorphous at the length scales of EBSD mapping at maximum resolution (ca. 60 nm). High-pressure 315 phase transformation of baddeleyite to denser orthorhombic polymorphs occur at pressures as low as 3 316
GPa (Ohtaka et al., 2011) . These polymorphs are thought to be non-quenchable, in which case inversion 317 to a low-pressure disordered phase (diaplectic glass) would be expected during decompression. However, 318 crystalline domains of material at the single to tens of nanometer scale are evident from STEM imaging 319 ( Figure 6 ). No high-pressure ZrO2 polymorphs have been identified from the EBSD data of this study, 320 but high-resolution diffraction experiments by TEM or synchrotron X-ray techniques will be required to 321 resolve whether high-pressure phases are preserved at the nanometer scale. Particularly given the evidence 322 for widespread melt-formation (impact melt pockets and vesicular plagioclase melts) in this rock, it is 323 likely that these crystallites were formed by decompression at elevated temperatures immediately following recrystallization; and (4) post-shock reaction of ZrO2 grains along marginal contacts with melt or fluid to 339 form zircon, which also undergoes minor deformation during cooling after launch. It is important to note 340 that the entire duration for these processes to occur is order of seconds to minutes, from the moment of 341 impact to final cooling (Shaw and Walton, 2013) . 342
Another important observation from our study is that location appears to be critical to the preserved 343 microstructural state of baddeleyite grains within the rock. Grains separated by as little as 10 µm have very 344 different textural and structural characteristics at the scales of microns to tens of nanometers (e.g. Figure  345 5). This indicates that the shock pressure and post-shock temperature experienced by individual grains 346 varied dramatically, even over such small length scales. Shock wave propagation in heterogeneous 347 materials is a very complex process, and it is well known that the loading paths and peak shock pressures 348 experienced by individual crystals can vary dramatically. This is caused by shock-wave interactions, such as 349 refraction and reflection, at boundaries between minerals of different shock impedance, as well as 350 collisions between refracted shock fronts that can produce localized pressure spikes. As a result, the peak 351 shock pressure and waste heat experienced on the micrometer-scale can vary by a factor of two or more 352 Niihara, 2011) and Zagami (182.7 ± 6.9 Ma; Zhou et al., 2013) . 377
The quasi-amorphous grains with predominantly Group 2 microstructural characteristics yield younger U-378 Pb ages, with 206 Pb/ 238 U dates between 141 ± 34 (Feature G16) and ca. 85 Ma (Figure 8 ). The much lower 379 proportions of radiogenic Pb in these grains ( 206 Pbrad = 17 to 68%; average = 40%), together with the fact 380 that the data are spread along the Tera-Wasserburg concordia, indicates these grains have experienced 381 variable degrees of radiogenic Pb-loss. Interestingly, the grains with the weakest electron diffraction (most 382 disordered) have the oldest ages of this group, and preserve the sharpest planar or oscillatory banding in 383 cathodoluminescence (e.g. Feature G16; Figure 8 ). This suggests that the shock process of disordering of 384 the precursor baddeleyite does not in itself lead to mobilization of Pb and other trace elements, possibly 385 because this process occurs at timescales of milliseconds to deciseconds (Sharp and DeCarli, 2006) . 386
Rather, grains that contain domains of granular baddeleyite yield the younger ages and more cloudy CL 387 textures (Figure 8 ). Post-shock heating must therefore be critical to enabling Pb-loss and the mobilization 388 of trace elements in the shocked baddeleyites. This is emphasized by the fact that the youngest analyses of 389 all measured grains come from those with Group 3 microstructural characteristics (granular BSE, patchy 390 or cloudy CL and nano-to micro-crystalline). This finding for baddeleyite echoes that observed for zircon, (Krogh et al., 1996) . It is also possible that beam overlap with launch-generated zircon rims has 393 contributed to the younger measured ages. However, no clear relationship between the microstructural 394 state of baddeleyite and the volume or width of zircon rims has been identified, with micron-scale 395 overgrowths present on features from each of the microstructural groupings. Furthermore, Schmitt et al. 396 (2010) and Chamberlain et al. (2010) demonstrated that oxygen-flooding techniques minimize matrix and 397 orientation sensitivity in SIMS micro-baddeleyite analyses to levels of error that are much smaller than the 398 uncertainties on the NWA 5298 U-Pb data of Moser et al., (2013) , which are dominated by their relatively 399 low U contents. This is supported by the fact that quasi-amorphous Group 2 grains provide dates that are 400 intermediate between the two groups of crystalline baddeleyite. Accordingly, Pb-loss due to heating and 401 recrystallization of baddeleyite grains, rather than the presence of zircon rims or analytical matrix effects, 402 is considered the dominant control on the younger measured ages. The minor plastic strain (<4° of 403 crystallographic misorientation) seen in some post-shock zircon reaction granules is ascribed to post-404 launch thermal stresses due to cooling and contraction of the meteoroid as it left the Martian atmosphere, 405 volume adjustments as local melt pockets condensed, and pervasive waste heat from shock radiated to 406 space. 407
The granular Group 3 grains yield ages as young as 22 ± 2 Ma (Feature G1), placing an upper constraint 408 of the timing of shock metamorphism and the ejection of NWA 5298 from Mars. This constraint on 409 ejection age is consistent with cosmic ray exposure ages for Shergottites of between 0.7 and 20 Ma 410 (Nyquist et al., 2001) . 411
Our new data clearly show that the variation in U-Pb isotope ratios among baddeleyite crystals within 412 NWA 5298 are the result of disturbance by shock metamorphism, but by highly variable degrees that 413 correlate broadly with microstructural state. Within a single thin-section, baddeleyite grains with primary 414 igneous characteristics, and a maximum magmatic crystallization age of 175 ± 30 Ma, occur within 415 hundreds of microns of highly recrystallized granular grains as young as 22 ± 2 Ma. This finding is in 416 contrast to predictions from shock loading and annealing experiments that shock metamorphism does not 417 cause significant disturbance of the U-Pb system in baddeleyite (Niihara et al., 2012) , but consistent with environment, variations in mineral density and shock wave impedance. 420
Conclusions

421
Our micro-to nano-structural measurements of baddeleyite grains in NWA 5298 have revealed a wide-422 range of new shock metamorphic effects on this important chronometer. These have significant 423 implications for the interpretation of U-Pb isotopic ages in planetary materials. 424
• The response of baddeleyite crystals to shock metamorphism within a single thin-section is highly 425 variable on spatial scales down to tens of µm. Analyzed grains range from those that preserve primary 426 (magmatic) twinning and zonation (baddeleyite shock Group 1), to quasi-amorphous ZrO2 (Group 2) 427 and to recrystallized granular domains of baddeleyite (Group 3). This range of structural states is 428 controlled to a large extent by the shock impedance of surrounding mineral phases, as well as the 429 extent of post-shock heating. 430
• The variable shock-features can be explained by a systematic microstructural evolution resulting from a 431 single shock-metamorphic cycle. This includes plastic deformation and amorphization of precursor 432 magmatic baddeleyite caused by shock deformation and phase transformations, followed by 433 recrystallization and zircon-rim growth that is driven by post-shock heating. 434
• These micro-to nano-structural states correlate closely with previously measured U-Pb ages, 435 demonstrating that shock deformation during launch, and consequent heating and melt reaction, has 436 led to variable degrees of Pb loss. 437
• The youngest U-Pb ages are measured in recrystallized nano-to micro-granular baddeleyite grains 438 (Group 3), indicating that it is post-shock heating and new mineral growth that drives isotopic 439 disturbance, rather than shock deformation and phase transitions. However, there is no evidence for 440 melting of baddeleyite in NWA 5298. 441 primary magmatic age and timing of impact in highly shocked planetary materials. 444
• The new highly detailed nanostructural analyses support that NWA 5298 is a relatively young (late-445 Amazonian) basaltic igneous rock. The best estimate of crystallization age is 175 ± 30 Ma, and the 446 meteorite was ejected from Mars by an impact event <22 ± 2 Ma. 447
The highly variable shock-induced age resetting of baddeleyite in NWA 5298 provides both a cautionary 448 tale and exciting new opportunities for Solar System chronology. Firstly, it cannot be assumed that 449 baddeleyites will always provide magmatic crystallization ages from highly shocked achondrites, and 450 careful nano-to micro-structural analysis of individual grains is required to aid interpretation of measured 451 ages. Secondly, our data demonstrate that if this careful work is done, it is possible to resolve the timing of 452 magmatic crystallization from that of shock resetting, thereby providing insights into both lithospheric 453 processes and the impact history of planetary bodies. In the case of shergottites, this analysis has revealed 454 that at least some of these rocks were formed by relatively recent (<200 Ma) volcanism on Mars. 
